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Abstract
Since geometric deviations decrease the quality and functional compliance of mechanical products, geometric variations management is an
important issue for quality-aware companies in all phases of the product life-cycle. In this regard, the Closed Loop Tolerance Engineering Model
highlights the main activities during geometric variations management and can be used to analyse the relations between the diﬀerent involved
actors. Though computer aided engineering tools are widely spread in product development practice with the aim to ease product design and
analysis, these tools are mainly used separately and are not integrated in a coherent virtual geometric variations management process. Therefore,
in this paper, the prerequisites for a holistic computer aided tolerancing process during product development based on the CLTE model are
analysed. The main question answered is, which tolerance simulation tools are required and how should they be connected in order to enable
a coherent and integrated computer-aided tolerancing process. Based thereon, important software tools are identiﬁed and drawbacks as well as
main potentials for improvement are carved out. The novelty of the contribution can be found in the consideration of the geometric variations
management process from a computer-aided tolerancing point of view and in addressing possible improvements for the development of software
tools for a coherent and complete computer aided geometric variations management process.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the International Scientiﬁc Committee of “24th CIRP Design Conference” in the person of the
Conference Chairs Giovanni Moroni and Tullio Tolio.
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Nomenclature
CAT Computer Aided Tolerancing
CLTE Closed Loop Tolerance Engineering
FR/D Functional Requirements/Dimensions
(F)KC (Functional) Key Characteristic
GPS Geometric Product Speciﬁcation and Veriﬁcation
ITP Integrated Tolerancing Process
1. Introduction
Geometric variations are inevitably introduced during the
part manufacturing, the assembly, and the product use. Since
these geometric deviations inﬂuence the quality and function
of mechanical products, geometric variations management is
an important issue for quality-aware companies in all phases
of the product life-cycle and gains in importance in customized
product development. The activities to be performed in geomet-
ric variations management are manifold and should start right
from the conceptual design stage. This is because product de-
sign, tolerance design, and process design are highly connected
and cannot be performed eﬃciently without considering their
mutual eﬀects. In this regard, the Closed Loop Tolerance En-
gineering (CLTE) model as introduced by Krogstie et al. [1,2]
highlights the main activities during geometric variations man-
agement and can be used to analyse the relations between dif-
ferent actors in tolerance engineering. The model focuses on
the organizational prerequisites for eﬀective and eﬃcient geo-
metric variations management without implicating support by
computer-aided tools.
However, computer-aided engineering tools are widely
spread in product development practice with the aim to ease
product design and analysis, such as e. g. computer-aided de-
sign and computer-aided analysis. In particular, highly special-
ized computer-aided tolerancing tools are used:
• to translate functional requirements into geometric require-
ments and to visualize their interdependencies, e. g. by func-
tional requirements/dimensions (FR/D) matrix [3],
• to simulate the eﬀects of part and process tolerances on these
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geometric requirements, e. g. by tolerance simulation soft-
ware tools [4], such as 3DCS and VisVSA,
• and to generate suggestions for tolerance allocation by
tolerance-cost optimization (see [5] instead of many).
In product development practice, these tools are mainly used
separately by experts and are not integrated in a coherent and
holistic virtual geometric variations management process.
Therefore, in this paper, the prerequisites for a coherent
and complete computer-aided geometric variations manage-
ment process during product development based on the CLTE
model are analysed. The main question answered is, which
tolerance simulation tools are required and how they should
be connected in order to enable a coherent and integrated
computer-aided tolerancing process. For this purpose, ﬁrstly,
descriptive models for the geometric variations management
process and for the information modeling during product and
process design are brieﬂy discussed, where an emphasis is laid
on highlighting their similarities and diﬀerences. Thereafter, a
brief overview of software for the activities in geometric varia-
tions management is given. Furthermore, GeoSpelling as a lan-
guage for Geometric Product Speciﬁcation and Veriﬁcation and
the Skin Model concept are highlighted. Based thereon, draw-
backs as well as main potentials for improvement for a holistic
computer-aided geometric variations management process are
carved out. Finally, a conclusion is given.
2. DescriptiveModels of the Geometric VariationsManage-
ment Process
2.1. The Closed Loop Tolerance Engineering Model
Geometric variations management aims at ensuring the
product function and the required quality level even under the
presence of geometric variations. It has gained importance
with the introduction of serial production, requiring part in-
terchangeability and process independence, and is nowadays
becoming more crucial in order to enable customized prod-
uct development and mass customization. It is to a common
understanding, that this process starts with deﬁning functional
requirements, which are often referred to as (functional) key
characteristics [6], and ends with conﬁrming the product per-
formance [1]. Therefore, many stakeholders and actors are in-
volved, who process various information, perform many activi-
ties, and use in-depth tools. The closed loop tolerance engineer-
ing model as illustrated in Fig. 1 reduces the complexity behind
the geometric variations management process to four vital ac-
tivities, namely the deﬁnition of functional requirements, toler-
ancing, the consideration of process capabilities, and the vali-
dation of the product performance [1,2]. The ﬁrst two of these
activities build up the normative dimension, whereas the latter
two comprise the empirical dimension, i. e. the normative di-
mension focuses on deﬁning geometric speciﬁcations; the em-
pirical dimension focuses on how to enforce and monitor them
in reality [1]. The CLTE puts an emphasis on the relations
between these activities in feed-forward and feed-back loops,
which are highly relevant in order to enable a learning process
for improved geometric variations management [1]. This points
out the collaborative issue of geometric variations management.
2.2. Process Models for Tolerancing during Design
The ﬁrst two activities in the CLTE, namely the deﬁnition of
functional requirements and tolerancing, have been extensively
discussed in the literature. Many works have focused on the
importance of tolerance considerations starting from the con-
ceptual design stage. For example the “Integrated Tolerancing
Process” (ITP) as proposed by Dantan et al. [7] emphasises
the importance of a coherent data model in order to integrate
the tolerancing process in the conceptual design stage. It is
based on a multi-level architecture, which enables the transition
from functional speciﬁcations to geometric speciﬁcations and
the traceability of geometric speciﬁcations during the whole de-
sign process [7]. The traceability of geometric speciﬁcations,
especial in geometric modelling, is also discussed in [8], where
a product model for detail design is presented. It aims at sup-
porting tolerancing by enforcing a product model-centred de-
sign rather than a geometric modeller-centred approach. This
is seen as a possibility of formalizing the tolerancing expertise
and thereby of enabling the traceability of functions to geomet-
ric speciﬁcations.
Similarly to the ITP, Roy et al. integrate tolerancing in a
concurrent design approach and place it as one of 15 steps in
a function-to-form mapping approach for design synthesis [9],
where the tolerance representation is part of the artifact model.
However, tolerance propagation of large scale assemblies is not
addressed. The authors also proposed a “design for tolerancing”
approach, which allows performing tolerancing during design
incrementally [10].
In order to consider the product modelling in early design
stages, which is usually performed in detail design, [11] pro-
pose a design method, that builds up on modelling parts, assem-
blies, and tolerance speciﬁcations as soon as possible in CAD
systems. The idea behind is to complete the geometric product
information during the design process, starting with skeleton
models, through part interface design, to ﬁnal part models.
The axiomatic design perspective is picked up in [12], where
a structure model and a matrix-based geometry design proce-
dure are presented in order to support robust geometry design
during the diﬀerent design stages.
In contrast to these models, which mainly focus on the
concurrent product and tolerance design, the integrated design
method proposed in [13] rather highlights the importance of the
assembly sequence with regard to variation propagation, which
is a common viewpoint in terms of body construction, e. g. in
automotive and aircraft industries. For the purpose of con-
current product and process design, Dantan et al. propose an
UML-based information model with a graph-based information
representation, which is capable of storing information related
to the product model, the process plan, and the manufacturing
resources [14]. It is based on the KC approach [6], integrates
a quantitative aspect to tolerancing, and thus allows evaluating
the impacts of tolerances on functional characteristics.
It can be stated, that various answers for how to integrate
tolerancing in an engineering design context and how to enable
function and geometric speciﬁcations traceability exist in the
literature. These models diﬀer in terms of function and product
representation and with regard to the emphasis they place on
the product modelling stage. Furthermore, it can be concluded,
that an “abstract” function, product, and structure representa-
tion may help to avoid unnecessary design iterations due to ge-
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Fig. 1. The Closed Loop Tolerance Engineering Model following Krogstie et al. [1]
ometric variation problems (in terms of function and manufac-
turability), whereas it is to the authors experience, that many
design engineers tend to focus on the early use of CAD sys-
tems skipping robust design analysis based on these “abstract”
representations. Furthermore, various works state the impor-
tance of collaborative issues in design as well as the concur-
rent character of product and process design activities. How-
ever, beside the CLTE, little eﬀorts can be reported with regard
to describing a complete computer-aided geometric variations
management process. In particular, the integration of existing
knowledge about process capabilities and the eﬀects of geomet-
ric variation on the product performance obtained by physical
testing is seldom considered in the normative product develop-
ment process. Moreover, the support of an integrated geometric
variations management process by computer-aided tolerancing
tools is insuﬃciently addressed.
3. Computer Aided Closed Loop Tolerance Engineering
Nowadays, computer-aided tools accompany engineering
activities right from early product development stages, through
manufacturing and assembly, to disposal. In this regard, the ac-
tivities in geometric variations management can be performed
with support by highly diverse software tools.
For the ﬁrst main activity, namely the deﬁnition of func-
tional requirements, Quality Function Deployment is a well-
known and widely-used approach, which aims to clearly de-
ﬁne the customer requirements and to portion them to subsys-
tems and parts. This activity can be accompanied by special-
ized software tools, which may be counted as computer-aided
quality tools. The resulting functional requirements have then
to be translated into geometric requirements and in turn to be
decomposed into subassembly and part requirements. For this
purpose, various tools have been presented, such as the (F)KC
ﬂowdown [6], function-means trees [12], and functional re-
quirements/dimensions (FR/D) matrix [3].
Tolerancing is performed, as soon as geometric requirements
are known and speciﬁed. It comprises not only the speciﬁcation
of part tolerances, but also involves e. g. the decision about the
process design, the designation of process tolerances, and the
deﬁnition of assembly sequences. Therefore, it can be seen as a
crucial task for geometric variations management. In this con-
text, an important transition between the ﬁrst and the second ac-
tivity in the CLTE can be observed: the speciﬁcation of geomet-
ric requirements calls for the commitment of all involved stake-
holders. In everyday practice, a lot of information about ge-
ometric requirements, the underlying functional requirements
and customer needs can get lost in hastily arranged meetings.
However, tolerance analysis, as predicting the eﬀects of geo-
metric part or process deviations (such as positioning errors of
ﬁxture systems) on the geometric requirements, which express
the product function and quality, is usually performed by ex-
perts. In early stages of product development, these experts
employ simple spreadsheet calculations, whereas highly spe-
cialized computer-aided tolerancing systems, such as VisVSA
and 3DCS, are used in later stages. Furthermore, many profes-
sional CAD systems oﬀer simple tolerance stackup functional-
ity. However, a main drawback of all these models can be found
in the fact, that geometric deviations are simpliﬁed to rotational
and translational feature defects and that gravity or other phys-
ical phenomena, which may aﬀect how geometric variations
inﬂuence the geometric requirements, are disregarded [4,15].
This leads to inadequate predictions about the eﬀect of geomet-
ric deviations on the geometric requirements and the functional
product behaviour.
The monitoring and control of process capabilities is nowa-
days often performed with the support of computer-aided qual-
ity software and spreadsheet analysis. Furthermore, manufac-
turing process simulations can be employed in order to estimate
the process capabilities in product and process design stages,
which can help to predict systematic and random geometric part
and assembly deviations. The results of statistical process con-
trol and the information about process capabilities are then of-
ten stored in databases.
For the last activity, namely product performance evaluation,
various CAE software tools may be used for virtual product
testing. However, these tools for computer-aided analysis of-
ten disregard geometric variations. In order to support phys-
ical testing, spreadsheet analysis and databases are employed,
which also support the design of experiments.
It can be seen, that a wide variety of software tools is em-
ployed throughout the activities of tolerance engineering. How-
ever, most of them do not inherently support a coherent and
complete tolerancing process. For this reason, potentials for
improvement are carved out in the subsequent section.
4. A Coherent and Complete Computer Aided Closed Loop
Tolerance Engineering Approach
As it has been pointed out, many activities have to be per-
formed by many actors and stakeholders to enabling a success-
ful geometric variations management process. As coined by
Mathieu and Ballu [16]:
• a coherent geometric variations management process is char-
acterised by a language based on a uniﬁed mathematical
model, which expresses geometric speciﬁcations and their
veriﬁcation consistently for all people involved.
• a complete tolerancing process covers all aspects of geomet-
ric variations during the product life cycle and includes all
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geometric features and parameters necessary to describe the
product functionalities.
The implementation of closed-loop tolerance engineering in
a company or an institution can only be performed successfully,
if all stakeholders and actors share the same language for ex-
pressing and communicating information about geometric vari-
ations, their sources, their eﬀects, and their inspection.
4.1. GeoSpelling, the Skin Model, and the Concept of Skin
Model Shapes
The need for a complete and univocal language for geomet-
ric speciﬁcation and veriﬁcation as a prerequisite for geomet-
ric variations management has been part of many research ef-
forts [16–18]. It has led to the development of GeoSpelling,
which is a coherent and univocal language for geometric prod-
uct speciﬁcations and veriﬁcation. It has been adopted by the
ISO standards for GPS (ISO 17450-1) and is based on few ba-
sic concepts, such as the Skin Model. The Skin Model is a
model of the physical interface between a part and its environ-
ment and comprises geometric deviations introduced by manu-
facturing and assembly. Therefore, it serves as a link between
all activities of geometric product speciﬁcation and veriﬁcation,
such as tolerancing, manufacturing, and inspection. Basic op-
erations, such as partition, extraction, and collection, are de-
ﬁned in GeoSpelling and can be applied to the Skin Model.
However, since an inﬁnite description is required to cover all
kinds of geometric variations up to a nano-scale, there is no
possibility for identiﬁcation or simulation of the Skin Model
[19,20]. Therefore, the concept of Skin Model Shapes has been
developed [21–23]. These Skin Model Shapes can be regarded
as representations of the Skin Model employing either discrete
geometry schemes, such as pointclouds or surface meshes, or
parametric ones, such as NURBS or Splines [21]. The basic
GeoSpelling operations can also be applied to these Skin Model
Shapes. The diﬀerence between the Nominal Model, the Skin
Model, and the Skin Model Shape concept is shown in Fig. 2.
As can be seen, the activities in the CLTE approach can be
linked by GeoSpelling, as a coherent and complete language
for GPS. Therefore, it can be used as an approach to closing the
gaps between the various tasks in geometric variations manage-
ment, as for example the feed-forward and feed-back loops of
the CLTE model.
Nominal Model Skin Model
Skin Model
Shapes
Fig. 2. The diﬀerence between the Nominal Model, the Skin Model, and Skin
Model Shapes
4.2. Potentials for Computer-Aided Support in Closed Loop
Tolerance Engineering by Skin Model Shapes
Since many activities in geometric variations management
are performed with support of computer-aided tools, a product
representation is required, which is conform to a coherent and
complete language for GPS. In this regard, Skin Model Shapes
enable a versatile product representation, which considers ge-
ometric variations and can accompany all stages and relations
in a CLTE approach. Furthermore, they support the relations
between all tolerance engineering activities. The various appli-
cations of Skin Model Shapes in the context of CLTE can be
seen from Fig. 3.
For example, the visualization of the Skin Model by Skin
Model Shapes can support the deﬁnition of functional require-
ments. This can be performed even in early design stages by
feature-based Skin Model Shapes obtained from skeleton mod-
els. The Skin Model visualization helps to understand and to
appraise possible eﬀects of geometric variations on the prod-
uct quality, which may lead to more suitable functional require-
ments. However, the loss-free transition of these functional re-
quirements to tolerancing (1a in Fig. 3), to the manufacturing
department (4a in Fig. 3), and to product testing (6a in Fig.
3) requires a product structure model, that is capable of stor-
ing functional requirements as well as the information about
features, that may correspond to their fulﬁlment. This model
must support a coherent transition from an abstract function,
structure, and requirement description to part geometry. In this
context, Skin Model Shapes may serve as a foundation, but up
to now such a model is not at hand.
Skin Model Shapes oﬀer also opportunities for computer-
aided tolerancing. In this regard, tolerance simulation models
for the assembly [24] and the usage behaviour [25] of devi-
ated workpiece representatives have been developed. In order
to avoid use-as-is mentality in manufacturing and assembly, rel-
evant tolerances and geometric speciﬁcations as well as the un-
derlying functional requirements have to be committed from
tolerancing to manufacturing and assembly (2a in Fig. 3). In
this manner, a deeper understanding of geometric speciﬁcations
and their reasons can be gained in manufacturing. Further-
more, the information about critical geometric speciﬁcations
with respect to certain functional requirements should be com-
municated from tolerancing to product testing (5a in Fig. 3).
However, the current standards for these relations are technical
drawings, which are to contain all relevant information neces-
sary for manufacturing and assembly as well as product testing.
With regard to the underlying functional requirements, this is
not suﬃcient. However, only little support by software tools in
this context can be expected in the near future. The interpreta-
tion of geometric speciﬁcations recorded in technical drawings
can though be supported by software tools for visualization on
a basis of Skin Model Shapes. Furthermore, tolerancing de-
cisions are highly based on tolerance simulation results. As
mentioned, these simulation models make severe assumptions
about geometric deviations and often disregard physical phe-
nomena. These assumptions should be communicated to early
design stages, where functional requirements are deﬁned and
translated to geometric requirements (1b in Fig. 3). Further-
more, the tolerancing process should be integrated in the early
design stage, where functional requirements and their corre-
sponding geometric requirements are derived. Software tools
based on matrix and graph representations may help to visu-
alize all relevant dependencies. Skin Model Shapes can assist
this information exchange, since they enable designers to imag-
ine the workpiece with geometric deviations.
For the evaluation of process capabilities, the generation and
analysis of Skin Model Shapes based on manufacturing pro-
cess simulations or measurement data of part prototypes helps
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Fig. 3. Applications of Skin Model Shapes for the Computer Aided Support of Closed Loop Tolerance Engineering
to gain useful insights about the eﬀects of process parameter
variations on geometric deviations [22]. In order to reduce
the required eﬀorts for product performance evaluation, this in-
formation about critical process parameters and their capabil-
ities should be reported from manufacturing and assembly to
product testing (3a in Fig. 3). The virtual product test rou-
tines, which usually employ design of experiments and related
methods, can then use this information for the adjustment of
simulation parameter values/distributions. Experimental prod-
uct testing also gains from this information, since it helps to
cover all relevant failure modes induced by geometric varia-
tions. Furthermore, the consideration of manufacturing and as-
sembly process capabilities is vital for tolerancing (2b in Fig.
3), since it leads to a more realistic image about the eﬀects of
geometric deviations on the geometric requirements in toler-
ance simulations. It has also been pointed out, that the deﬁ-
nition of functional requirements calls for certain process ca-
pabilities to be measured and monitored. In order to consider
these dependencies, the software tools used for process capa-
bility evaluation should be known when deﬁning functional re-
quirements and deriving geometric requirements (4b in Fig. 3).
This can be performed by communicating how certain process
capabilities are measured based on Skin Model Shapes.
Finally, simulation models, which incorporate geometric de-
viations, are required for the virtual product performance eval-
uation, whereas real-life performance tests can be used to vali-
date the tolerance analysis and performance evaluation models.
For this purpose, diﬀerent measurement routines are employed.
The information about these routines and their design of exper-
iments (Which number of tests is feasible? How are these tests
performed?) is important for the process capability evaluation
(3b in Fig. 3), because it can be used for making decisions on
which quality characteristics to measure and on how to deﬁne
speciﬁcation limits. Furthermore, it is important to know about
the product testing routines when interpreting and validating
the results of tolerance simulations, since the models for CAT
ground on assumptions about geometric deviations and phys-
ical phenomena. Therefore, software tools as well as physi-
cal testing procedures have to be communicated from testing
to tolerancing (5b in Fig. 3). Thereby, the results of tolerance
simulations can be interpreted more reasonably and decisions
made thereon are more valid. Moreover, the knowledge about
product testing routines and about the manifestation of prod-
uct performance is already crucial when determining functional
requirements (6b in Fig. 3). This is because deﬁned functional
requirements and derived geometric requirements are to express
characteristics for product performance. In this regard, the Skin
Model Shape concept oﬀers the possibility of a comparison for
conformance procedure as stated in the standards for GPS.
4.3. Discussion
As it has been pointed out, geometric variations manage-
ment comprises various tasks from early design through man-
ufacturing, inspection, to product performance evaluation. In
this context, CAT tools support the consideration of geometric
part variations in the design of physical artefacts. Moreover, it
has been shown, that the concept of Skin Model Shapes oﬀers
a strong foundation for closing the loops in a computer-aided
closed loop tolerance engineering approach both from a con-
ceptual and from a computational point of view, since it enables
the visualization of geometric deviations in the diﬀerent stages
of tolerance engineering, it can be employed for the computer-
aided tolerance analysis considering various kinds of geometric
deviations and physical phenomena, and it allows a straightfor-
ward comparison for conformance with inspection and product
performance evaluation tools. Even though, some potentials for
improvement remain, which can be identiﬁed as:
• The mapping from functional requirements to geometric
speciﬁcations is only sparely supported by CAE systems.
Particularly, the traceability of geometric speciﬁcations and
their underlying functional requirements is enabled insuﬃ-
ciently by geometric modellers. In this context, the enhance-
ment of digital part representations with semantic informa-
tion, such as tolerance annotations and functional feature re-
quirements, is a key issue to enable a more stringent geomet-
ric variations management process.
• Geometric speciﬁcations are usually transferred from toler-
ancing to manufacturing based on technical drawings. This
does not allow for a transition of underlying functional re-
quirements, which could increase the quality awareness in
manufacturing and assembly and help to prevent use-as-is de-
cisions. However, advances in Model-based Deﬁnition may
push enhanced 3D product models to replace 2D drawings as
the primary product deﬁnition.
• Product performance evaluation is performed under the nat-
ural presence of physical phenomena, such as gravity and
thermal expansion. However, these eﬀects are often ne-
glected by computer-aided tolerancing tools, which hinders
the prediction of the product performance considering geo-
metric variation during tolerancing and leads to inadequate
speciﬁcations. In this regard, the development of models for
the computer-aided tolerance analysis based on Skin Model
Shapes, which overcome the drawbacks of existing tools, is
part of ongoing research.
• Although the concurrent and collaborative aspects of toler-
ancing and geometric variations management has been high-
lighted in many works, the feed-back loops in the CLTE are
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sparely supported by software tools for geometric variations
management. This may be due to the fact, that many tools
focus on enabling the eﬃcient execution of the relevant ac-
tivities for geometric variations management, rather than on
the understanding of employed models and assumptions by
previous steps and on the processing of the obtained results
by subsequent activities. Even though the concept of Skin
Model Shapes and GeoSpelling with its basic concepts of-
fers foundations for improvement, closing the loops in CLTE
by developing interoperable CAx software tools remains a
research challenge.
• The need for top management support for the implementation
of a coherent and complete geometric variations management
process is a critical factor for success. Though the impor-
tance of tolerancing, robust design, and geometric variations
management is often stated by top level deciders, a lack be-
tween the committed awareness and the undertaken actions
is observed in many companies. However, this challenge can
rarely be solved by support of software tools, but rather by
education and training.
5. Summary and Conclusion
Several descriptive models for tolerancing during engineer-
ing design have been discussed, where their main similarities
and diﬀerences have been carved out. It can be stated, that
many process models for tolerancing during engineering de-
sign exist, but only little eﬀorts have been made regarding the
consideration of knowledge about process capabilities and the
product performance. This becomes more urgent, since the
early consideration of geometric variation and its propagation
through large scale assemblies is highly depending on software
tools for computer-aided tolerancing, process capability evalu-
ation, and product performance evaluation. Furthermore, exist-
ing software tools have been introduced and linked to diﬀerent
stages of geometric variations management process models. It
can be found, that many computer-aided tolerancing tools are
available, but cannot be connected eﬃciently. In this regard,
important transitions and loops in tolerance engineering cannot
be closed with the support of existing software tools. Thus, the
concept of Skin Model Shapes has been presented and main
applications in the context of computer-aided closed loop toler-
ance engineering have been highlighted.
It can be concluded, that the Skin Model concept, as a basic
concept in the standards for GPS, and its operationalization by
Skin Model Shapes oﬀer vast potentials for a computer-aided
closed loop tolerance engineering approach. However, the rep-
resentation of geometric part and feature information by Skin
Model Shapes during design and product modelling has to be
accompanied by an adequate knowledge transfer between de-
sign, manufacturing, inspection, and product testing.
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